INTRODUCTION
Endocytosis of extracellular molecules and plasma membrane proteins is required to internalize nutrients, to regulate the level of cell surface receptors, to remove damaged proteins from the membrane, and to recycle membrane proteins involved in exocytosis back to the secretory pathway. To accomplish these tasks the endocytic pathway must contain molecular machinery for the sorting of endocytosed proteins into different membrane-ound transport intermediates and the delivery of these transport intermediates to appropriate target membranes within the cell. In yeast, the internalization of plasma membrane proteins such as specific permeases and G-protein-oupled receptors is relatively well characterized, but little is known about how subsequent membrane fusion events within the cell generate, maintain-,and allow transport between discrete endocytic compartments (Geli and Riezman, 1998; Wendland et al., 1998) .
Morphological studies have focused on transport from the cell surface to the lysosome-like vacuolar compartment, in the main using one of three different markers. The lipid dye FM4-64 specifically accumulates in vacuolar membranes. Internalization to the vacuole is ATP dependent and can be blocked by mutations affecting membrane trafficking (Vida and Emr, 1995; Zheng et al., 1998) . The plasma membrane receptors for mating pheromones are endocytosed to the vacuole both constitutively and at increased rates when bound to their ligands. Thus alpha factor and its receptor, Ste2p, have been used to follow endocytic protein transport (Singer-Kruger et al., 1993; Hicke et al., 1997) . A third way of following endocytosis is to allow spheroplasted cells to take up positively charged nanogold particles to the vacuole. This allows examination of the membrane compartments involved by electron microscopy (Prescianotto-Baschong and Riezman, 1998) . These approaches have shown that at least two classes of endosome are involved in transport to the vacuole. Early endosomes appear as scattered punctate structures throughout the cytosol. Before endocytosed protein and lipid reach the vacuole they pass through a relatively large late endosomal or prevacuolar compartment, often located adjacent to the vacuole. The final endosomal structures have the morphology of a multivesicular body, whereas early endosomes are tubulovesicular structures (Prescianotto-Baschong and Riezman, 1998) .
The endocytic pathway to the vacuole is thought to converge with the delivery of newly synthesized vacuolar proteins at an endosomal or prevacuolar compartment. Evidence in support of this is provided by the phenotype of class E vps mutants, in which exit from a prevacuolar compartment is blocked. Class E vps mutants form an aberrant, enlarged prevacuolar compartment, which accumulates both endocytosed markers and vacuolar proteins (Davis et al., 1993; Rieder et al., 1996; Babst et al., 1997; Hicke et al., 1997; Bryant et al., 1998; Conibear and Stevens, 1998) . However, this does not preclude transport between the endocytic and secretory pathways at other points.
Although most studies have concentrated on transport to the vacuole, some endocytosed proteins are thought to be recycled to the cell surface. The best studied example of a protein following this itinerary is Chs3p, a subunit of the cell wall biosynthetic enzyme chitin synthase. A proportion of Chs3p is found in an intracellular pool, the formation or maintenance of which depends on endocytosis (Ziman et al., 1996 (Ziman et al., , 1998 Holthuis et al., 1998b) . When transport through this pool is blocked, Chs3p is no longer correctly localized to the bud neck. Endosomes also play an important role, in both yeast and mammalian cells, in maintaining the steadystate distribution of late Golgi membrane proteins (reviewed by Conibear and Stevens, 1998) . Well-characterized examples of such proteins are Kex2p and DPAPA, which act in the late Golgi to modify alpha mating pheromone as it is secreted. Specific signals on the cytoplasmic portion of these proteins are required for retrieval from a post-Golgi compartment that is likely to also function as an endosome. This conclusion is largely based on the observation that late Golgi localized chimeric membrane proteins are cleaved by vacuolar/late endosomal proteases and can be trapped in class E endosomes .
Membrane trafficking pathways have been elucidated in part by analysis of the SNARE proteins. These integral membrane proteins are central components of the intracellular membrane fusion machinery (reviewed by Rothman, 1994; Hay and Scheller, 1997; Pelham, 1999) , fusion requiring the formation of SNARE complexes that span the two membranes (Nichols et al., 1997; Ungermann et al., 1998) . Different SNARE proteins have different subcellular localizations and are involved in different membrane transport steps. Hence analysis of their locations, the complexes that they form, and their mutant phenotypes gives information about these steps. A subset of SNAREs form the syntaxin family, and all SNARE-dependent membrane fusion steps so far examined involve a member of this family.
Yeast contains eight syntaxins identifiable by sequence homology, of which four have been implicated in endocytic pathways. Vam3p is located on vacuoles and is required for fusion to them (Darsow et al., 1997; Nichols et al., 1997; Wada et al., 1997; Srivastava and Jones, 1998) , whereas Pep12p is present in endosomes and is required for the bulk transport of proteins from either the Golgi or the cell surface to the vacuole (Becherer et al., 1996; Holthuis et al., 1998b) . A separate specialized pathway from the Golgi to the vacuole that bypasses this Pep12p requirement also exists and is used by a few proteins such as alkaline phosphatase and Vam3p itself Piper et al., 1997; Stepp et al., 1997) . Two other syntaxins, Tlg1p and Tlg2p, have been implicated in the recycling of both late Golgi proteins and Chs3p; their removal also slows endocytosis from the surface to the vacuole but does not prevent it (Abeliovich et al., 1998; Holthuis et al., 1998a,b; Seron et al., 1998) . The locations and precise functions of these two syntaxins have been controversial, there being evidence for their presence in both a Golgi compartment and an endosomal one. However, the analysis of strains lacking multiple syntaxins clearly indicates their involvement in the pathway that recycles endocytosed Chs3p to the surface, a pathway that does not require the late endosomal syntaxin Pep12p and that remains largely uncharacterized (Holthuis et al., 1998b) .
In this paper we have used a different and more convenient marker to characterize this recycling pathway, namely the SNARE Snc1p. Snc1p is the yeast equivalent of the synaptobrevin/VAMP proteins of animal cells, and together with its close relative Snc2p it mediates fusion of exocytic vesicles with the plasma membrane; an epitope-tagged version of Snc1p has previously been shown to be present largely on the plasma membrane (Protopopov et al., 1993) . We show that green fluorescent protein (GFP)-tagged Snc1p is also mostly at the cell surface but undergoes rapid endocytosis and resecretion via the Golgi apparatus. Genetic and morphological analysis indicates that this pathway is distinct from the previously characterized route from late endosomes to the Golgi. Mutagenesis defines different sequence requirements for exocytosis, endocytosis, and diversion from the vacuolar pathway and provides evidence for a receptor-mediated sorting event in an early endosomal compartment. Analysis by immunofluorescence and immuno-electron microscopy (EM) suggests that Tlg1p, Tlg2p, and the late Golgi protein Kex2p are distributed between these early endosomes and Golgi membranes. Our results suggest that early endosomes constitute a major sorting site for proteins in yeast, as in animal cells. Table 1 lists the starting yeast strains used. Strains containing fluorescent SNC1 variants were in general made by integrating expression plasmids at URA3. Expression levels were screened by fluorescence microscopy, and low-level-expressing cells were checked by Western blotting with anti-Snc antibodies. The strains analyzed expressed the chimera at one to two times the level of the endogenous Snc proteins.
MATERIALS AND METHODS

Yeast Strains
The snc1⌬ snc2⌬ strain MLY201 was constructed by replacing SNC1 in SEY6211 with the Schizosaccharomyces pombe HIS5 gene. The SNC2 gene in SEY6210 was disrupted by inserting the TRP1 gene at the unique BglII site in the gene. The two disruption strains were subsequently crossed, transformed with a URA3 plasmid carrying wild-type SNC1 (pSNC1), and sporulated, and spores were selected that were disrupted for both of the genomic SNC genes but supported by the plasmid. Loss of the plasmid was lethal in this strain, as judged by inability to grow on plates containing 5-fluoroorotic acid. For some experiments a methionine-repressible MET3 promoter construct driving SNC1 was inserted at the LEU2 locus, and the URA3 plasmid was removed by selection on 5-fluoroorotic acid. These two strains were used to check the ability of SNC1 chimeras to support growth by testing for ability to lose the pSNC1 plasmid or to grow on methionine-containing plates, respectively.
The vps5 sec6 strain (MLY202) was constructed from strain BHY152 by replacing the wild-type SEC6 gene with a cassette containing sec6-4 (in reverse orientation) and LEU2.
A derivative of SEY6210 in which sequences encoding three copies of the hemagglutinin (HA) epitope were inserted at the C terminus of the KEX2 ORF was kindly provided by J. Holthuis (Cambridge, United Kingdom). A strain in which GFP coding sequences were inserted into the chromosomal SEC7 gene was kindly provided by B. Glick (University of Chicago) and is described elsewhere (Seron et al., 1998) .
Plasmids
SNC1 constructs were derived from a cDNA plasmid kindly donated by Julian Rayner (Cambridge, United Kingdom). The SNC1 cDNA or PCR-generated derivatives were cloned into pRS406 (Sikorski and Hieter, 1989) behind sequences expressing the mut2 GFP variant (Cormack et al., 1996) from the TPI promoter, as described by Wooding and Pelham (1998) . Exchange of sequences encoding different transmembrane domains was achieved by PCR, using primers encoding the appropriate domains. The endocytosisdefective variant of SNC1 was made by introducing silent PstI and Blp1 sites by PCR at nucleotides 149 and 206 and inserting synthetic oligonucleotides between them encoding the mutations.
Mutagenic PCR was performed as described by Muhlrad et al. (1992) , and libraries of mutants were cloned into a pRS416 version of the expression plasmid described above. Mutant plasmids were recovered from yeast and sequenced. Libraries of transmembrane domain (TMD) variants were made by PCR from SNC1 using degenerate PCR primers encoding random mixtures of phenylalanine, leucine, isoleucine, methionine, and valine. A plasmid expressing SNC1 from the methionine-repressible MET3 promoter (Cherest et al., 1987) was made by cloning the promoter (a gift from J. Holthuis) as an XhoI-EcoRI fragment in front of an SNC1 cDNA EcoRI-BamHI fragment in the vector pRS405. Alanine scanning mutants of SNC1 were made by PCR, which was facilitated by introducing silent ClaI, NarI and BglII sites at nucleotides 174, 229, and 264. All constructs and mutants were verified by chain termination sequencing (Oswell DNA Sequencing, Southampton, United Kingdom).
The plasmid for expressing Tlg2p from its own promoter was derived from a pRS316 (CEN, URA3; Sikorski and Hieter, 1989 )-based plasmid expressing triple-myc Tlg2p from the TPI promoter (Holthuis et al., 1998a) . The TPI promoter was removed and replaced with genomic sequence from the 400 bp immediately upstream of the TLG2 ORF.
Imaging of Live Cells
Cells were grown into early log phase in appropriate media. Where indicated, they were incubated with FM4-64 (Molecular Probes, Eugene, OR) in minimal complete medium supplemented with 32 M FM4-64. To label vacuoles, cells were incubated with FM4-64 for 15 min and then washed (or in some cases not) and incubated for a further 1 h. For microscopy cells were placed onto slides coated with concanavalin A and allowed to attach. After sealing under coverslips they were imaged in a single plane on an MRC-600 confocal scanning laser microscope (Bio-Rad, Stevenage, United Kingdom) or on a Zeiss (Thornwood, NY) Axioskop microscope equipped with a Micromax charge-coupled device camera (Princeton Instruments, Trenton, NJ).
For following individual cells over short time courses, they were placed on agarose on a temperature-controlled stage (Wooding and Pelham, 1998) , and imaging was performed in conjunction with temperature shifts. Because the small punctate structures in which some mutants were found moved rapidly, these cells were imaged using a single slow scan of the confocal microscope.
Quantitative analysis of time courses was performed on a Macintosh computer using the public domain NIH Image program (developed at the National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image). Images of single optical sections at the midpoint of a cell were obtained, and total pixel intensity was calculated for the whole cell and for the plasma membrane region. Plasma membrane fluorescence as a fraction of the total was plotted, and half-times for the changes were estimated.
Affinity Purification of Tlg1p and Pep12p Antibodies
For immunofluorescence crude antisera against Tlg1p and Tlg2p (Holthuis et al., 1998a) were affinity purified using standard techniques. Briefly, the entire cytosolic domains of Pep12p and Tlg1p were expressed in Escherichia coli strain BL-21 as fusion proteins with glutathione S-transferase, using the vector pGEX4T-3 (Amersham Pharmacia Biotech, Uppsala, Sweden). Soluble glutathione S-transferase fusion proteins were purified on glutathione-Sepha- 
Immunofluorescence
Fixation, spheroplasting, and dehydration of yeast cells were carried out precisely as described (Kilmartin and Adams, 1984) . The affinity-purified Tlg1p and Pep12p antisera were used at a dilution of 1:100. Use of tlg1⌬ and pep12⌬ cells as negative controls showed that the punctate staining observed with both antibodies was specific, with negligible background staining observed in the appropriate null strain. Myc-tagged Tlg2p was detected using the 9E10 monoclonal antibody, and HA-tagged Kex2p was detected using 3F10 monoclonal antibody (Boehringer Mannheim, Mannheim, Germany). Secondary antibodies coupled to Alexa fluorophores were from Molecular Probes. Fixed cells labeled for immunofluorescence were examined by confocal microscopy. All confocal images shown are of a single confocal plane.
Immuno-EM
Strain SEY6210 was grown in YPUAD medium to early logarithmic phase and then fixed overnight at 4°C by direct addition of glutaraldehyde (final, 0.2%) and formaldehyde (final, 3%) to the culture medium. The cells were washed in 50 mM HEPES, pH 7, and 3 mM Kcl and incubated in 1% NaIO 4 , and free aldehyde groups were quenched with 50 mM NH 4 Cl as described (van Tuinen and Riezman, 1987) . Dehydration, infiltration, and polymerization in LR GOLD resin (London Resin, London, United Kingdom) was done according to the supplier's instructions. Thin sections of ϳ50 nm were cut and mounted on 200-mesh nickel grids. All primary antibodies used were raised in rabbits. The immunoglobulin G (IgG) fraction of each antiserum was purified on protein A-Sepharose columns by standard procedures and used for immunolabeling at dilutions determined empirically. Secondary IgG-colloidal gold conjugates (Bio Cell, Cardiff, United Kingdom) were diluted 1:50.
Grids were placed upside-down on 50-l droplets of blocking solution (150 mM NaCl, 10 mM potassium phosphate, pH 7.5, 0.1% Tween 20, 2% fatty acid-free BSA [Sigma, St. Louis, MO]) for 20 min. The grids were then transferred to droplets containing appropriate dilutions of the primary antibodies in blocking buffer and incubated for 4 h at room temperature. The grids were then washed three times for 5 min with PBS solution and 0.2% BSA and then three times for 5 min in PBS solution. They were then washed by dipping 10 times in a 100-ml beaker of bidistilled water. The grids were incubated for 10 min in blocking buffer before transferring to droplets with secondary antibodies and incubation for 2 h. After washing as above, they were fixed for 10 min in 1% glutaraldehyde in PBS solution to preserve the immunolabeling and then washed by dipping 10 times in a 100-ml beaker of distilled water. Free aldehydes were again quenched with 50 mM NH 4 Cl and washed with distilled water. Labeling with the second primary antibodies was done essentially as described for the first primary antibodies, except the blocking solution contained 0.5% Tween 20 in PBS solution. After washing in water, the grids were stained in 6% uranyl acetate for 5 min and in Reynold's lead citrate for 30 -60 s. Background controls were performed on sections of the same sample in which the incubation with the second primary antibody was omitted and were essentially negative. For quantitation of each double labeling, 31 cell sections that contained gold particles of either size were photographed, and all structures within these cells (ϳ150 total) were scored for the presence of each marker.
RESULTS
Recycling of Snc1p
To investigate the recycling pathway for a plasma membrane protein, we followed the transport of the exocytic SNARE Snc1p, tagged at its N terminus with GFP and expressed at a level no greater than twice that of the endogenous Snc protein (see MATERIALS AND METHODS). This GFP-tagged protein was functional in that it could support normal growth in a strain lacking both SNC1 and SNC2, which are an essential pair of genes in our yeast strain. In Ͼ90% of wild-type cells GFP-Snc1p was found on the plasma membrane, sometimes restricted to the bud or more generally to regions of polarized growth, although there was also some internal fluorescence (Figure 1 ). To test for its recycling, we expressed GFP-Snc1p in cells containing a temperature-sensitive allele of sec6. SEC6 is required for fusion of exocytic vesicles with the plasma membrane, and at the nonpermissive temperature (37°C) sec6 cells accumulate clusters of secretory vesicles, often localized to sites of secretion-the bud in small-budded cells and near the forming septum in large-budded cells (Novick et al., 1980) . When sec6-4 cells were shifted to 37°C, GFP-Snc1p accumulated in patches in the expected locations of secretory vesicles, with correspondingly less being at the plasma membrane ( Figure  1 ). This suggests that GFP-Snc1p is endocytosed and reenters the normal pool of late secretory vesicles.
The speed of GFP-Snc1p recycling was revealed most dramatically by continuous monitoring of individual cells of a sec14-3 strain, in which exit from the Golgi is blocked at high temperature (Novick et al., 1980; Franzusoff and Schekman, 1989) . After a shift of the cells to 37°C, GFP-Snc1p moved from the cell surface to internal structures. Substantial redistribution occurred within 5 min ( Figure 1 ). Quantitation of the plasma membrane fluorescence indicated approximate half-times of 7.8 and 9.7 min, respectively, for the internalization process in the left-and right-hand cells shown in Figure 1 . Given the speed of this effect, it seems likely that Snc1p moves from the plasma membrane to a sec14-sensitive Golgi compartment before returning to the surface, although more indirect effects of the sec14 mutation are also possible.
Further evidence that a functional Golgi complex is required for the recycling pathway was provided by analyzing GFP-Snc1p in temperature-sensitive sed5 and sec23 mutants. Lesions in the Golgi syntaxin Sed5p block traffic to the early Golgi and cause vesiculation of the late Golgi (Wooding and Pelham, 1998) ; sec23 mutants block exit from the endoplasmic reticulum (ER), and under these circumstances Sed5p becomes trapped in the ER and the Golgi vesiculates (MorinGanet et al., 1998; Wooding and Pelham, 1998) . In both cases there was a dramatic loss of fluorescence from the cell surface upon shift to the nonpermissive temperature, indicating that endocytosis could continue but redelivery to the plasma membrane was blocked ( Figure 1 ). The internalized protein accumulated in structures of variable apparent sizes. We did not characterize them further, because the major disruption to the endomembrane system that occurs in these mutants makes interpretation of marker protein distributions difficult.
The redistribution of GFP-Snc1p seen in these experiments is most likely due to movement of existing molecules, rather than degradation of these and their replacement with newly synthesized ones. In all cases the effects were visible within 30 min, a time that we found was insufficient to restore GFP levels after photobleaching (our unpublished observations; also see Wooding and Pelham, 1998) . This is borne out by the lack of obvious ER staining even after 60 min in a sec23 mutant (Figure 1 ), although in longer time courses (2 h) newly synthesized material did eventually accumulate there. Cycloheximide treatment was not used to eliminate newly synthesized protein, because it alone caused internalization of GFP-Snc1p. Previous studies have shown that such treatment has profound effects on the secretory and endocytic pathways, blocking alpha factor transport in late endosomes and also the retrograde transport of Sed5p from Golgi to ER (Hicke et al., 1997; Wooding and Pelham, 1998) .
Retrieval of GFP-Snc1p Requires Tlg1p and Tlg2p but Not Late Endosomes
The pathway followed by Snc1p seemed similar to that followed by Chs3p, which we have previously shown depends on the late Golgi/early endosomal SNAREs Tlg1p and Tlg2p but not the late endosomal SNARE Pep12p (Holthuis et al., 1998b) . In agreement with this, we found that when GFP-Snc1p was expressed in tlg1⌬ or tlg2⌬ cells, little if any cell surface fluorescence was evident (Figure 2 ). In both tlg⌬ strains GFP-Snc1p was present in intracellular membranes, but these had different morphologies. Relatively large structures were detectable in tlg1⌬, whereas more scattered punctate labeling was evident in tlg2⌬, and . The tlg1 cells were labeled with FM4-64 for 2 h before imaging in separate channels to reveal GFP and vacuolar membranes. In this pair of images, and in subsequent figures, arrows indicate identical positions in the two channels. For vps5 s6, sec21, and cop1 cells, incubation at 37°C was for 1 h. Snc-sso refers to a version of GFP-Snc1p whose transmembrane domain was replaced by that of Sso1p, a change that prevents retrieval of the protein from the endocytic pathway (see RESULTS). The vps4 cells expressing this protein were labeled with FM4-64, and both images are shown. Note the class E compartments containing both GFP and FM4-64 (arrows).
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Vol. 11, January 2000in both cases there was an increased cytosolic haze, which may correspond to transport vesicles. The larger structures in tlg1⌬ cells are presumably endocytic in nature, but the distribution of GFP-Snc1p did not entirely correspond to that of the endocytic tracer dye FM4-64 after 2 h of uptake, a time at which labeling of vacuoles is apparent (Figure 2 ). Because removal of Tlg1p or Tlg2p does not significantly impair exocytic membrane traffic (Holthuis et al., 1998a) , the intracellular GFP-Snc1p in the deletion strains is unlikely to be newly synthesized material that has not yet reached the cell surface. Rather, it is likely to be endocytosed material that has reached neither the vacuole nor the secretory pathway. Further evidence for this is presented below.
We also examined the role of Vps45p, a Sec1p homologue that binds to Tlg2p and is required for its stability and that is also implicated in Pep12p function Webb et al., 1997; . In a vps45⌬ strain Snc1p-GFP was seen predominantly in diffuse vesicular structures, as in tlg2⌬ cells (Figure 2 ).
Pep12p is a syntaxin required for traffic through late endosomes to the vacuole (Becherer et al., 1996; Holthuis et al., 1998b) . In contrast to the results with tlg1⌬ and tlg2⌬ strains, in a pep12⌬ strain most cells localized GFP-Snc1p correctly, although in some (ϳ15%) intracellular staining was also apparent (Figure 2 ). Pep12p is thus not essential for the recycling of Snc1p. We also tested several genes that are required for retrieval of proteins, in particular the carboxypeptidase Y sorting receptor Vps10p, from a late endosomal compartment to the Golgi (reviewed by Conibear and Stevens, 1998) . Mutation of VPS4 results in the formation of enlarged late endosomal/prevacuolar structures, the "class E compartment" to which proteins can be delivered but from which they cannot easily exit either to the vacuole or the Golgi. Vps5p and Vps35p are specifically required for retrieval of proteins from late endosomes to the Golgi. Figure 2 shows that GFP-Snc1p remained predominantly on the plasma membrane in vps4, vps5, and vps35 null mutants, and identical results were obtained with a vps17 mutant (our unpublished observations), whose properties are similar to those of vps5 and vps35.
To verify that recycling of GFP-Snc1p was occurring in these vps mutants, we performed two controls. First, we constructed a vps5⌬ sec6-4 double mutant and found that GFP-Snc1p accumulated in vesicles at the nonpermissive temperature, just as in the sec6-4 single mutant (Figure 2 ). Second, we tested endocytosis in vps4 cells by expressing an altered form of GFP-Snc1p whose transmembrane domain had been replaced with that of Sso1p. As we show below, this altered protein is delivered to the plasma membrane and endocytosed normally but fails to be retrieved from the endocytic pathway and instead travels to the vacuole. In vps4 cells the Snc-sso chimera accumulated in enlarged class E compartments, often visible in optical sections as ringshaped structures (Figure 2 ). These also labeled prominently with the endocytic tracer dye FM4-64 and could be seen to be adjacent to but distinct from the larger, more faintly stained vacuoles (Figure 2 ). Occasional bright dots, which may correspond to these structures, were seen in vps4 cells expressing the normal GFP-Snc1p (Figure 2 ), but these represented only a small fraction of the total GFP fluorescence. We conclude that GFP-Snc1p is mostly retrieved from the endocytic pathway before it arrives at the prevacuolar compartment and thus returns to the Golgi by a pathway distinct from that followed by Vps10p.
The cycling of GFP-Snc1p in vps5, vps17, and vps35 mutants has additional significance. These genes encode subunits of a putative coat complex termed retromer (Seaman et al., 1998) , and the results imply that this coat is not required for retrieval of GFP-Snc1p from the endocytic pathway. Mutations that affect another coat, COPI, did have an effect: both sec21-1 (␥-COP) and cop1-1 (␣-COP, originally called ret1-1) strains showed no GFP-Snc1p on the surface after incubation at 37°C (Figure 2) . At 25°C the GFP-Snc1p distribution was normal in cop1-1 cells, but strikingly the sec21-1 cells showed an exclusively intracellular distribution even at this temperature, which is permissive for growth. These results are not easy to interpret, because COPI is implicated in intra-Golgi traffic, and as shown above, Golgi function is required for GFP-Snc1p recycling. However, cop1-1 cells show little defect in secretion or endocytosis to the vacuole even at 37°C, and at 25°C sec21-1 cells are also fully secretion competent (Letourneur et al., 1994; Hicke et al., 1997) . We cannot therefore exclude the possibility that COPI is the coat responsible for mediating the retrieval of GFP-Snc1p from endosomes.
Sorting Signals on Snc1p: Internalization from the Plasma Membrane
To gain further insight into the trafficking of Snc1p, we sought to define amino acid sequences required for each sorting event on its circular route. At least three distinct budding steps can be imagined, each of which is potentially signal mediated: exit from the Golgi in secretory vesicles, internalization from the plasma membrane, and segregation away from material bound for the vacuole, which presumably occurs in endosomes.
Initial experiments focused on internalization from the plasma membrane. Extensive studies of the Snc1p homologue Vamp2 in animal cells have defined a region required for this, with two residues being especially important (Grote et al., 1995) . These residues are conserved in Snc1p, and we made the equivalent mutations (V40A and M43A). When tagged with GFP the resultant mutant (en Ϫ ) showed a plasma membrane distribution in wild-type cells. More significantly, it also was present on the plasma membrane in tlg1⌬ cells (Figure 3 ). This result has two implications. First, it shows that these two residues form part of an evolutionarily conserved endocytosis signal, because their alteration inhibits uptake of Snc1p from the cell surface. Second, it confirms that the mislocalization of GFP-Snc1p observed in tlg1⌬ cells is not due to a defect in its transport to the plasma membrane but rather to a postendocytic sorting defect.
Sorting of GFP-Snc1p during Exit from the Golgi
To address specifically the sorting of GFP-Snc1p during exit from the Golgi, we assayed the effects of various sequence alterations either in the context of the V40A and M43A point mutations (en Ϫ ) or in an endocytosis-defective end4 strain (Raths et al., 1993) . This allowed the initial sorting of the altered proteins into the exocytic or vacuolar pathway to be determined without the complication of subsequent endocytosis. It has previously been shown that the destination of membrane proteins leaving the yeast Golgi is affected by the length and composition of their TMDs (Rayner and Pelham, 1997) . Snc1p has a TMD of 20 residues, shorter than is typical for plasma membrane proteins in yeast (Munro, personal communication) , and to investigate its importance for targeting we prepared a number of chimeras with altered TMDs. The results are summarized in Table 2 , and examples are shown in Figure 3 .
In the first set of mutants, the normal TMD was replaced with those of other SNAREs. The TMD of the plasma membrane syntaxin Sso1p supported transport to the plasma membrane, as might be expected. In contrast, the TMD of Nyv1p (a vacuolar Snc1p homologue), although longer than that of Snc1p, was sufficient to redirect GFP-Snc1p to the vacuole.
The behavior of Snc1p contrasted with previous results obtained by altering the TMD length of the ER syntaxin Ufe1p, which suggested that a TMD of 26 residues was required for transport to the cell surface. To see whether this difference could be due to the presence of a dominant sorting signal in the cytoplasmic domain of Snc1p, we tested the Ufe1p-derived TMDs on GFP-Snc1p. These gave the expected results, with shorter TMDs (18 -22 residues) resulting in accumulation in the vacuole, whereas the chimera with a 26-residue TMD was on the plasma membrane (Table 2 and Figure 3) . Thus, the different length requirements relate to the specific TMD sequences rather than the nature of the attached cytoplasmic domain.
Finally, we tested Snc1 derivatives with a number of synthetic and random TMD sequences composed of F, I, V, L, and M and found that even random sequences of 20 residues can support exocytosis (listed in Table 2 ; an example is shown in Figure 3) . We conclude that although the TMD does have an important influence on the sorting of Snc1p at this step, its length is not the only important feature. Other properties, such as overall hydrophobicity, may be equally significant. Indeed, the greater length required for the Ufe1p-derived TMD to reach the cell surface may reflect the relatively polar nature of its first few residues.
TMD-dependent Sorting of GFP-Snc1p in the Endocytic Pathway
We next tested the role of the Snc1p TMD in retrieval from the endocytic pathway by examining the same set of chimeras with a normal endocytic signal in wild-type cells. The results were striking: all the chimeras that accumulated on the surface when endocytosis was blocked were now found in the vacuole (Table 2 ; the Sso1, Ufe26, and random1 constructs are shown in Figure 3 ). This indicates that the nature of the TMD is crucial for the sorting of GFP-Snc1p into the retrieval pathway. Because the requirements for retrieval are clearly different from the requirements for exocytosis, this sorting event must occur in an organelle that is not itself on the exocytic pathway.
The properties of the TMD chimeras revealed several other features of endocytic sorting. For example, although the GFP domain was at the cytoplasmic N-terminal end of the GFP-Snc1p constructs, all chimeras that reached the vacuole showed a diffuse fluorescence that filled the organelle. This was true for the chimera bearing the Nyv1p TMD (Figure 3 , compare the pattern of Snc-nyv with that of FM4-64), even though Nyv1p itself is present on the outer vacuolar membrane (Nichols et al., 1997) . The most likely explanation is that the chimeric proteins enter the internal vesicles that are created as endosomes mature (Odorizzi et al., 1998) . It seems that the Nyv1p TMD can target a protein to the endocytic pathway but is not sufficient to specify its precise location.
The ease with which the chimeras reached the vacuole contrasted with the inefficient delivery of GFP-Snc1p to the vacuole in tlg1 or tlg2 cells (Figure 2) . Expression of the Snc1p-Sso1p chimera in tlg mutant cells resulted in similarly impaired transport (Figure 3 ). Thus the Tlg proteins are required for efficient passage of GFP-Snc1p from the plasma membrane through the endosomal system regardless of whether it carries a retrieval signal. This agrees broadly with previous findings obtained with other endocytic markers (Abeliovich et al., 1998; Holthuis et al., 1998a; Seron et al., 1998) , although uptake of some markers, notably the dye Table 2 ; examples are shown here. Snc refers to GFP-Snc1p. Hyphenated names indicate chimeras with TMDs derived from Sso1p (sso), Nyv1p (nyv), Ufe1p with insertions to make the TMD 18 and 26 residues long (ufe18 and ufe26), or the sequence called random1 in Table 2 (rnd1). These were expressed in wild-type (wt), end4, or tlg mutants as indicated. Constructs labeled en Ϫ had in addition the point mutations that inhibit endocytosis (V40A and M43A). The wild-type cells expressing Snc-nyv were labeled with FM4-64 to reveal vacuoles, and both images are shown.
Retrieval of Snc1p from Early Endosomes
Vol. 11, January 2000FM4-64, is much less obviously affected by tlg mutations (Holthuis et al., 1998b) .
Sequence Requirements for GFP-Snc1p Retrieval from Endosomes
We investigated the requirements for retrieval in more detail using single amino acid substitutions. In one approach random mutants of the entire Snc1p sequence were prepared by error-prone PCR, and these were screened visually (in the form of GFP chimeras) for mislocalization. Two mutants were obtained whose altered distributions were due to single changes: W86R and L96V. The W86R mutation resulted in transport to the vacuole, and testing in end4 cells confirmed that it passed via the plasma membrane. In contrast, the L96V mutant protein was present in scattered, highly mobile punctate structures (Figure 4) .
Given the obvious importance of the TMD and adjacent residues, we systematically mutated individual amino acids throughout this region (Figure 4) . Surprisingly, changing individual residues to Ala had little effect: no such mutant showed a vacuolar distribution. However, the mutants sometimes showed an increase in labeled punctate structures like those found in L96V. This phenotype was highly variable, showing sensitivity to minor differences in expression level and growth state. Punctate structures could also be observed in some cells expressing unmutated GFP-Snc1p (Figure 4 , compare the examples of I101A and V109A with wild type grown under the same conditions). Because of this variability, we were unable in blind comparisons to distinguish reliably any of the alanine mutants from wild type, with the exception of P110A, which showed a consistently punctate pattern in Ͼ80% of the cells, together with traces of faint vacuolar staining (Figure 4) . A more radical change, P110F, resulted in vacuolar fluorescence in all cells (Figure 4) .
These results suggest that the TMD and adjacent sequence are recognized over an extended region. Introduction of very different amino acids or changes to the entire TMD can disrupt recognition, but no single residue is critical. A similar phenomenon has been observed in studies of the Rer1p- At the top the sequence of Snc1p is shown. Dots indicate the heptad repeat involved in SNARE complex formation, and the transmembrane domain is underlined. Boxed letters show the point mutations that affect endocytosis. For residues 80 -117, the mutations and the distributions of the mutant proteins are summarized. All but one of the Ala substitutions gave plasma membrane staining, with variable amounts of punctate staining in addition. The lower panels show vacuolar staining of W96R in wild type (with FM4-64 double label) but not in end4 cells, and the patterns in wildtype cells of L96V, P110A, P110F, and two examples of the more variable Ala substitutions (I101A and V109A). Unmutated GFP-Snc1p (wt) was analyzed in parallel for comparison. The FM4-64-labeled cells were photographed in the presence of the dye and thus show plasma membrane as well as vacuolar staining. The TMD and following residues were exchanged for those shown. "Ufe1p" refers to lengthened versions of the TMD of Ufe1p, inserted residues being underlined in the sequence. PM, plasma membrane; Vac, vacuole.
mediated sorting of Sec12p, in which the TMD is also involved (Sato et al., 1996) . The sequence requirements for Snc1p sorting were considerably more stringent than the requirements for its function, in terms of sustaining growth. Thus we found that mutants that could reach the cell surface, including ones in which the TMD was replaced with a completely different sequence (W86R, P110F, Snc-sso, and Snc-ufe26), were capable of supporting growth in the absence of endogenous Snc1p and Snc2p even though they were ultimately missorted to the vacuole. Thus the TMD changes are unlikely to disrupt SNARE complex formation in general.
Punctate Intermediates in the Recycling Pathway
A possible explanation for the punctate pattern exhibited by the more subtly altered versions of GFP-Snc1p, notably the L96V and P110A mutants, is that it corresponds to intermediates in the normal recycling pathway. These mutations could, by reducing the affinity for a sorting receptor, increase the average time spent in early endosomes and result in accumulation of the protein there. More radical changes would of course block recognition completely and allow passage to the vacuole by default.
If this interpretation is correct, it should be possible to chase the mutant proteins out of the punctate structures and back to the plasma membrane by blocking endocytosis. To test this we expressed the L96V mutant in cells carrying a thermosensitive mutation in the calmodulin gene, cmd1-1. This mutation has been shown to block alpha factor endocytosis rapidly after a temperature shift (Kubler et al., 1994) . Figure 5 shows sequential confocal images of a group of such cells, taken before, during, and after a period of heating to the nonpermissive temperature (37°C). Before heating, the GFP fluorescence was mostly internal, with punctate structures clearly visible. After 12 min at high temperature a change was clearly detectable, as confirmed by intensity profiles across the diameter of one of the cells ( Figure 5 ). By 20 -30 min plasma membrane fluorescence predominated, with a corresponding decrease in punctate structures. This change was reversible: when heating was discontinued the cells cooled to 30°C over 10 min, and by 23 min the punctate pattern once again predominated in some of the cells, although others recovered more slowly. Quantitation of the images gave a 15-min half-time for the initial transition from punctate to plasma membrane pattern for the cell marked by an arrow in Figure 5 . Because it may take up to 5 min for endocytosis to be affected by the temperature shift (Kubler et al., 1994) , this is likely to be an overestimate. Nevertheless, a half-time of 10 -15 min implies that exocytosis of the internal L96V protein occurs at a rate that is slightly slower than that of endocytosis of GFP-Snc1p in sec14 cells. This can account for the internal location of this mutant, assuming that it is endocytosed normally. Conversely, the predominantly surface location of the wild-type protein suggests that it is retrieved and exocytosed considerably more rapidly than the L96V mutant.
Our conclusion is that the altered distribution of L96V and other subtly altered Snc1p mutants reflects a slowing of their retrieval from endosomes, but that the protein continues to cycle. Small changes in the rates of endocytosis and exocytosis would thus affect the steady-state pattern significantly, accounting for the variable phenotype of some of the mutants. A second conclusion is that the internal structures containing the L96V protein are intermediates in the recycling pathway. They are likely to be the early endosomes in which sorting of Snc1p occurs. We therefore sought to characterize them further using more conventional organelle markers.
Visualization of Intracellular Compartments
Because recycling of Snc1p involves the syntaxins Tlg1p and Tlg2p but not Pep12p, we sought morphological evidence for an endosomal compartment, distinct from the Golgi, containing one or both of the Tlg proteins. We have previously shown that the these proteins fractionate on a sucrose density gradient in two peaks, which we postulated to correspond to an endocytic and a late Golgi compartment (Holthuis et al., 1998a) , but there has been some uncertainty as to their locations. Analysis has been complicated by the use of overexpression or GFP tagging, which may perturb the normal steady-state distribution of a recycling protein.
In an attempt to circumvent these problems we prepared affinity-purified antisera, which allowed detection of endog- Figure 5 . Recycling of the GFP-Snc1p L96V mutant. cmd1-1 cells expressing the mutant protein were incubated on a heated stage at 28°C and imaged (0Ј). The temperature was then shifted to 37°C within the next 2 min, and images were taken at the indicated times (minutes) after the temperature shift. Heating was turned off at 32 min, and the cells were cooled slowly, reaching 30°C ϳ10 min later. The last two images were taken 23 and 38 min after the heating was turned off. A polarized surface distribution of GFP-Snc1p can be seen at the forming septum (32Ј ϩ 23Ј) and at the incipient bud site (32Ј ϩ 38Ј) in the right cell. Fluorescence intensity profiles from a 12-pixel-wide horizontal strip across one cell, as indicated by the arrow (0Ј), are shown for each time point. These are normalized plots, which show the relative distribution of fluorescence across the cell, not absolute values. Some movement of cells on the slide occurred, and this accounts for the appearance of additional cells at 12 and 32 min.
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Vol. 11, January 2000enous Tlg1p and the endosomal SNARE Pep12p by immunofluorescence. In addition, we used triple myc-tagged Tlg2p expressed from its own promoter on a CEN plasmid, in a strain from which TLG2 had been deleted. This tagged protein is fully functional, as judged from its ability to sustain GFP-Snc1p sorting, and fractionated in the same manner as endogenous Tlg2p on sucrose density gradients (our unpublished observations). As further markers we used Kex2p tagged at its C terminus with a triple HA epitope and the peripheral Golgi protein Sec7p tagged with GFP, the tag sequences being added to the normal chromosomal gene in each case. Sec7p-GFP has been shown to have a distribution similar to that of the wild-type protein (Seron et al., 1998) , and HA-tagged Kex2p expressed in this manner had a fractionation profile on sucrose gradients indistinguishable from that of the normal protein.
Using these reagents, we found by double-label immunofluorescence that Tlg1p, Tlg2p, and Kex2p have closely overlapping distributions. Furthermore, the L96V mutant of GFP-Snc1p was predominantly present in structures containing Tlg1p (Figure 6 ).
Kex2p, and by inference the similarly distributed Tlg proteins, would be expected to be present at least partially in Golgi compartments. To investigate this we performed double-label experiments with the Tlg proteins and the Golgi marker Sec7p. There was significant colocalization of both Tlg1p and Tlg2p with Sec7p-GFP, but the overlap was incomplete, with Ͻ50% of the discrete structures coinciding (Figure 6 ). This is consistent with the view that Tlg1p, Tlg2p, and Kex2p all cycle between late Golgi cisternae and an endosomal compartment and are distributed between these structures.
Tlg1p-positive structures that lack Sec7p are good candidates for recycling endosomes. We considered that one way to label these selectively, and to distinguish them from Golgi cisternae, might be to label them by brief exposure of cells to the endocytic tracer dye FM4-64. We therefore incubated cells expressing Sec7p-GFP with FM4-64 and imaged the live cells after brief periods of dye uptake. Figure 7 shows that there was substantial labeling of at least some of the Sec7p-containing structures with FM4-64. This was true as soon as internalization of the dye could be detected (after ϳ5 min), although there were also FM4-64-containing structures that lacked Sec7p. We repeated the experiment in a sec14 strain at a nonpermissive temperature. Under these conditions late Golgi cisternae proliferate, forming large linear structures, which are revealed by the Sec7p-GFP, and these could also be labeled by FM4-64 (Figure 7) . Thus, although FM4-64 eventually accumulates in vacuoles, a substantial proportion of the dye evidently follows the recycling pathway to the Golgi apparatus, as defined by the presence of Sec7p and sensitivity to the effects of sec14, and this occurs rapidly. As a consequence, we were not able to distinguish endosomal structures from Golgi cisternae by FM4-64 labeling alone.
We next asked whether the Tlg-containing endosomal membranes were distinct from those containing Pep12p. Double labeling showed that Pep12p was present in scattered punctate structures, which as expected showed little overlap with those containing Sec7p ( Figure 8A) . A small amount of apparent overlap was detectable between Pep12p and Tlg2p ( Figure 8A ). We could not compare Tlg1p and Pep12p directly by immunofluorescence, because both were detected with rabbit antisera.
To investigate the potential colocalization of Pep12p and the Tlg proteins further, we examined a vps4⌬ strain. In this mutant, as in other class E vps mutants, both vacuolar and prevacuolar markers accumulate in enlarged late endosomes, the class E compartment, which can be detected with antibodies against the vacuolar ATPase subunit Vma1p (reviewed by Conibear and Stevens, 1998) . Figure 8B shows that Pep12p was confined to the class E compartment in vps4 cells, whereas much of the Tlg1p and Tlg2p remained in discrete punctate structures, as in wild-type cells.
Localization of Tlg1p by Immuno-EM
To further characterize the membranes marked by Tlg1p and their relationship to those containing Pep12p, we performed double-label immuno-EM with antibodies coupled to gold particles of different sizes (Figure 9 ). Tlg1p labeling was observed in numerous heterogeneous structures, as was Pep12p labeling. As expected from the immunofluorescence results, most of the structures could be labeled for only one of the proteins. However, membranes containing both could also be detected, as shown by the examples in Figure 9 , A and B. In addition to elongated cisternae, Tlg1p was commonly observed in a subset of the vesicle-like structures (ϳ100 nm in diameter) found in small buds ( Figure 9C ), although labeling of the plasma membrane was rare. Pep12p was not observed in these structures.
We also performed double labeling with antibodies to Sed5p. Sed5p itself was found largely in elongated membranes, often with a curved or circular cross section. The Tlg proteins are mostly absent from early Golgi compartments, as judged both by immunofluorescence (Holthuis et al., 1998a) and by immuno-EM, but we did observe cisternae that labeled with both anti-Tlg1p and anti-Sed5p (Figure 9 , E and F). As with Pep12p, Sed5p was not observed in the Tlg1p-positive vesicular structures in small buds.
Counting of labeled organelles revealed that in these cells 28% of the Tlg1p-positive membranes also contained Pep12p, and 15% of them contained Sed5p. These results indicate that Tlg1p can reach both Pep12p-containing structures and compartments marked by Sed5p but is largely present in the steady state in heterogeneous structures that are likely components of the late Golgi/early endosome recycling pathway.
DISCUSSION
In this paper we have used a GFP-tagged version of the exocytic SNARE Snc1p to probe the recycling pathway from the plasma membrane and the sorting events that are involved. Because the fusion protein is functional, we assume that its behavior broadly reflects that of its untagged counterpart. However, our conclusions are derived from the behavior of the chimera and do not require its transport kinetics to be identical to those of the wild-type protein.
It is generally assumed that SNARE proteins that travel on vesicles are recycled for reuse, and it is clear that GFP-Snc1p is endocytosed and reenters exocytic vesicles. Because mutations that block traffic through the Golgi lead to rapid removal of GFP-Snc1p from the cell surface, it seems likely that recycling occurs via the Golgi rather than by a direct endosome-plasma membrane route. It is difficult to exclude completely the possibility that Golgi function is required only indirectly for recycling, as it is to some extent for the later stages of the endocytic pathway (Hicke et al., 1997) , but if internalized Snc1p is to be used for subsequent rounds of exocytic traffic, it must return to the Golgi. Independent evidence for such a route is provided by our observation that FM4-64 dye is efficiently transferred to Golgi structures, as defined by the presence of Sec7p and their morphological alteration in a sec14 mutant. One consequence of recycling via the Golgi is that redelivery to the surface occurs in a polarized manner, a feature that may be important for the specific targeting of some recycling proteins such as the chitin synthase subunit Chs3p (Holthuis et al., 1998b) .
GFP-Snc1p recycling is independent of the late endosome/prevacuolar compartment that has been characterized previously. Thus, although it requires the presence of the syntaxins Tlg1p and Tlg2p, it does not require the late endosomal SNARE Pep12p. Furthermore, it is unaffected by vps4, a mutation that inhibits exit from the prevacuolar compartment, or by removal of Vps5p, Vps17p, and Vps35p, which are components of the retromer coat that mediates the retrieval of proteins from this compartment (Seaman et al., 1998) . There must therefore be two distinct routes from the endocytic pathway to the Golgi complex, one from early endosomes and one from later ones. Given the involvement of Tlg1p and Tlg2p in Chs3p trafficking (Holthuis et al., 1998b) , it is likely that Chs3p follows a cycling itinerary similar to that of Snc1p.
The choice that faces an endocytosed protein is best illustrated by comparing the fate of GFP-Snc1p with that of a mutant version in which the TMD has been exchanged for that of Sso1p. Both versions are endocytosed in an END4-dependent manner, and both require an endocytosis signal that is similar to that on the animal cell versions of Snc1p (Grote et al., 1995) . This in itself is striking, because the requirements for endocytosis seem to differ somewhat in yeast and animal cells.
Once internalized, the altered form of GFP-Snc1p proceeds to the vacuole, apparently by default. In contrast, the version with its normal TMD is transferred to the Golgi in a step that is crucially dependent on sequences within and adjacent to the TMD. This sorting event is likely to occur in a compartment marked by Tlg1p and Tlg2p, for several reasons. First, the Tlg proteins are required for recycling, whereas Pep12p is not. Second, although Tlg1p is not present on the plasma membrane Snc1p can readily be found in complexes containing Tlg1p (Holthuis et al., 1998a) , suggesting that fusion occurs between endocytic vesicles containing Snc1p and a Tlg1p-bearing membrane. Third and most importantly, subtle alterations to the Snc1p TMD such as the L96V mutation result in the accumulation of the protein in Tlg1p-positive structures. Because Snc1p can be chased reversibly from these structures to the cell surface when endocytosis is blocked by the cmd1-1 mutation, they evidently comprise a station on the recycling pathway. We interpret the accumulation of the mutants there as being due to the slowing of their retrieval when recognition of the sorting signal is impaired, which would imply that these Tlg1p-positive structures are where sorting occurs. This conclusion fits well with our previous finding that Tlg1p and Tlg2p are sufficient to mediate recycling of Chs3p even in the absence of Pep12p and Vam3p, and that in wild-type cells the internal pool of Chs3p cofractionates with Tlg1p and Tlg2p (Holthuis et al., 1998b) .
The sensitivity of GFP-Snc1p retrieval to mutations within the TMD suggests that this domain is recognized by a transmembrane receptor and actively recruited into carriers destined for the Golgi. It also provides strong evidence that the endosomes in which sorting occurs are physically distinct from the late Golgi compartment (the trans-Golgi network [TGN] equivalent). This is because the TMD requirements for transport from Golgi to cell surface are much less specific than the requirements for retrieval. If endocytosis occurred directly to the TGN, then Snc1p chimeras with heterologous TMDs would simply return to the surface, rather than pass to the vacuole. Figure 10 illustrates a simple model for the recycling pathway. In this model, late Golgi (TGN) membranes segregate into exocytic vesicles (containing Snc1p) and others containing the resident TGN proteins, including Tlg1p and Figure 10 . Proposed outline model for endocytic traffic. Bold names indicate major locations of the indicated proteins; thin arrows represent vesicular transport steps; thick arrows show "default" pathways, which may correspond to compartment maturation or direct fusion. The two retrieval pathways are numbered: 1 is the route followed by GFP-Snc1p, dependent on Tlg1p and Tlg2p; 2 is the later retromer-dependent and vps4-sensitive pathway followed by Vps10p. Exactly how Vps10p reaches late endosomes-via early endosomes or by a more direct pathway-is not yet known. Although the two retrieval pathways are drawn as completely separate, they may have overlapping origins and/or a common destination. See DISCUSSION for details.
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Vol. 11, January 2000Tlg2p, which do not progress to the plasma membrane. The Tlg1p detected in small buds by immuno-EM may be in these nonexocytic carriers, because only small amounts of Tlg1p are found on the cell surface even when endocytosis is blocked (Holthuis et al., 1998b; our unpublished observations) . Late Golgi-derived vesicles subsequently fuse with Snc1p-bearing endocytic vesicles to form the earliest endosomes, which may continue to receive vesicles from both sources. From these structures most TGN proteins, and others from the plasma membrane such as Snc1p and Chs3p, are selectively returned to the Golgi. The remaining proteins reach a later endosome marked by Pep12p. Subsequent steps involve retromer-dependent removal of proteins such as the carboxypeptidase Y (CPY) receptor Vps10p in vesicles bound for the Golgi and budding of membranes into the lumen of the endosome to form a multivesicular body, which eventually fuses with the vacuole (Odorizzi et al., 1998; Seaman et al., 1998) .
Recruitment of Snc1p and other recycling proteins into Golgi-bound vesicles is likely to be mediated ultimately by a cytoplasmic coat. We have shown that the retromer coat is not required for retrieval of GFP-Snc1p. Also, retrieval is not affected by deletion of any of the known adaptin homologues in yeast (APL1-6, APM1-4, and APS1-3; Van Horssen and Pelham, unpublished observations), although this does not rule out the possibility that clathrin is involved. The COPI coat is a good candidate, because retrieval appears more sensitive to mutations in coatomer subunits than is secretion itself. This would fit with results in animal cells that implicate COPI in endosomal sorting (see Daro et al., 1997 , and references therein). However, the requirement for Golgi function for Snc1p recycling and the known involvement of COPI in this makes it difficult to draw a firm conclusion.
Our model predicts that organelles containing Tlg1p and other TGN proteins are physically and functionally heterogeneous. There is indeed evidence for such heterogeneity: the proteins are found in membranes of two different densities, which we have previously suggested might correspond to Golgi and early endosomes (Holthuis et al., 1998a) , and immunofluorescence shows that only a subset of the structures containing Tlg1p or Tlg2p carry the Golgi marker Sec7p. A more specific prediction is that the earliest endocytic structures should contain markers destined both for recycling and transport to the vacuole, but this has proved hard to demonstrate: FM4-64 appears to be rapidly transferred to the Golgi, and a GFP-tagged version of the alpha factor receptor Ste2p rapidly reaches Pep12p-containing endosomes after uptake is stimulated with alpha factor (our unpublished observations; also see Holthuis et al., 1998b) . We note that passage through Tlg1p-containing endosomes may not always be obligatory for endocytosed material and vacuolar hydrolases. Even in the absence of both Tlg1p and Tlg2p, FM4-64 can reach endosomes, probably by direct fusion of primary endocytic vesicles with membranes bearing Pep12p, and a substantial proportion of newly synthesized CPY can reach the vacuole (Holthuis et al. 1998a,b) .
How proteins present in Tlg1p-containing endosomes are transferred to later ones marked by Pep12p is an interesting question. This appears to be the default pathway once retrieval signals are removed, which argues against a highly selective mechanism. The structures containing both Tlg1p and Pep12p that we observe by immuno-EM are plausible intermediates in the process and could in principle arise by fusion of the two types of endosome (or of membranes derived from them). However, there is another possibility. The later stages of endocytosis seem to occur by maturation and fusion of membranes to the vacuole, and this requires Pep12p to be removed, because it does not accumulate on the vacuole. Furthermore, vps mutations that block recycling of Vps10p to the Golgi also trap Pep12p in prevacuolar structures. Thus, it may be that Pep12p recycles through the Golgi (Figure 10 , route 2) and is delivered to early endosomes, promoting their maturation into later structures and becoming concentrated as other proteins are removed.
The existence of two distinct pathways back from endosomes to the Golgi explains several previous observations. For example, although Snc1p, Chs3p, Tlg1p, and Tlg2p seem to recycle mainly from early endosomes, there is good evidence that the late Golgi proteins Kex2p and DPAPA contain cytoplasmic signals that mediate their retromer-dependent retrieval from later endosomes, and that they can, like the CPY receptor Vps10p, reach the class E compartment (an abnormal prevacuolar structure) in appropriate vps mutants (Voos and Stevens, 1998; Nothwehr et al., 1999) . However, both DPAPA and Kex2p have a second signal, which slows their entry into this compartment and which has been interpreted as a TGN retention signal (Brickner and Fuller, 1997; Bryant et al., 1997) . We suggest that these are in fact signals for retrieval from early endosomes, and that these proteins can follow both routes. The model also explains why, although GFP-Snc1p sorting is severely disrupted in a tlg2 mutant, CPY sorting is barely affected and no more than half of the DPAPA protein is lost to the vacuole: in this mutant, the late endosome retrieval pathway should remain functional (Abeliovich et al., 1998; Holthuis et al., 1998a; Seron et al., 1998) .
The precise roles of Tlg1p and Tlg2p in these retrieval pathways remain to be worked out. Both are required for the route from early endosomes, but their mutant phenotypes are different-the pattern of GFP-Snc1p is qualitatively different in tlg1 and tlg2 cells. As discussed previously (Holthuis et al., 1998b; , Tlg1p has the unusual property of binding to other syntaxins (Tlg2p and Sed5p) and thus could in part help target vesicles (on either route) to the Golgi. Tlg2p is a more typical syntaxin and might serve as a vesicle acceptor in early endosomes, the late Golgi, or both. However, because removal of either can potentially alter the location of the other, it is very difficult to discern their individual functions from these genetic experiments.
The two routes from endosomes to the Golgi use different machinery and most likely originate in distinct organelles, but whether they have different endpoints is less clear. Returning Golgi proteins following route 1 in Figure 10 might be delivered selectively to the late Golgi, perhaps using Tlg2p. However, the relatively efficient sorting of CPY in tlg mutants argues that the Vps10p recycling pathway (route 2) can use Sed5p. Other possibilities are that both routes use early and late Golgi interchangeably, or that all traffic to the Golgi uses Sed5p.
The concept of traffic from endosomes to the early Golgi may help explain the recent finding that in a different yeast strain, W303, Tlg1p is essential for transport of CPY from the ER to the Golgi. In these cells the distribution of Tlg1p is reported to overlap substantially with that of Sed5p (Coe et al., 1999) . Our immuno-EM studies confirm that Tlg1p is capable of reaching membranes that contain Sed5p, although we found double-labeled structures to be infrequent. Together, the evidence suggests that Tlg1p helps vesicles derived from the endocytic pathway fuse with the Sed5p compartment, and that delivery of some component via this route is necessary for normal Golgi function. Evidently in the W303 strain this route is more dependent on Tlg1p, or more important for Golgi function, than in the SEY6210 strain that we have used. Why this should be is not obvious, but W303 cells are also more sensitive to disruption of YPT6, a gene whose mutant phenotype is strikingly similar to that of tlg1, and this has been shown to be due to mutation of the SSD1 locus in W303 (Li and Warner, 1996; Tsukada and Gallwitz, 1996) . The differences in Tlg1p distribution presumably reflect different rate-limiting steps in its itinerary and illustrate the limitations of using circulating integral membrane proteins as compartment markers. Peripheral proteins that dissociate when a compartment matures or fragments may be more useful, and we are currently seeking early endosomal markers of this type.
The protein sorting events in the prevacuolar compartment in yeast are relatively well characterized, because defects at this point have an easily scored vps phenotype, and many mutants have been isolated. In contrast, sorting defects in early endosomes have much more subtle phenotypes, and this process has been harder to detect and study. The convenience of GFP-Snc1p as a marker should facilitate future studies, including the identification of the receptor and other machinery responsible for its retrieval.
